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a  b  s  t  r  a  c  t
Alternative  energy  sources  are  on  a global  demand,  with  fuel  cells  as promising  devices from  mobile  to sta-
tionary  applications.  Naﬁon® is  at the  heart  of  many  of  these  appliances,  being  mostly  used due to  its high
proton  conduction  and  good  chemical  stability  at ambient  temperature  in proton  exchange  membranes
(PEM).  Therefore,  methanol  permeation  throughout  Naﬁon® ﬁlms  reduces  drastically  the  performance
of  direct  methanol  fuel  cells  (DMFC).  We  present  here  the  deposition  of layer-by-layer  (LbL)  nanos-
tructured  thin ﬁlms  of  poly(allylamine  hydrochloride)  (PAH)  and  poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate)  (PEDOT:PSS)  onto  commercial  Naﬁon® 212  membranes.  It was observed  a  good
adherence  of  the  LbL  ﬁlms  onto  Naﬁon® 212,  with  UV–vis  results  displaying  a linear  characteristic  growth,
indicative  that the  same  amount  of  material  was  deposited  at  each  deposition  step  during  the layer-by-
layer  assembly.  In  addition,  the  LbL  ﬁlms  also act as  a good  barrier  to avoid  methanol  crossover,  with
−6 2 −1 −6 2 −1an  observed  reduction  in  the  methanol  permeation  from  5.5 ×  10 cm s to 3.2 × 10 cm s ,  respec-
tively to pristine  Naﬁon® 212  and  a 5-bilayer  PAH/PEDOT:PSS  LbL ﬁlm  deposited  on  Naﬁon®212. The
measured  power  density  in  a DMFC  set-up  was  not  signiﬁcantly  changed  (∼12 mW  cm−2) due  to the
LbL  ﬁlms,  since  the  PAH/PEDOT:PSS  nanostructure  is  impeding  water  and  ion  transport,  consequently
affecting  the  proton  conduction  throughout  the membrane.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
The overall worldwide increasing demand and limiting reserves
ave driven investments and research throughout alternative
nergy sources. Within this scenario, fuel cells are strong candi-
ates as they have an efﬁciency almost three times higher than
hermo-mechanical counterparts [1], presenting also small noise
nd pollution levels, low environmental impact, encompassing
pplications from portable artefacts and emerging technologies to
ower stations [2–7].
Polymer electrolyte membrane (PEM) fuel cells are promising
evices for portables due to high energy density at low tempera-
ures, offering safer conditions in fuel transport and energy storage
hen used in direct methanol fuel cells (DMFC). Meanwhile, the
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169-4332/© 2014 Elsevier B.V. All rights reserved.ion exchange membranes must present high proton conduction,
low fuel permeation and high thermal and mechanical stability to
make them economically viable [5]. Naﬁon® is the most used com-
mercial PEM to this purpose, nonetheless, it presents high methanol
permeability, allowing methanol crossover from anode to cathode,
hindering practical applications.
Several attempts were investigated in modiﬁcation of Naﬁon®
PEM to reduce the methanol crossover, such as hybridizing the
membrane with sulfonated organic silica, zeolites, conducting
polymers and polymer composites, or by the deposition of poly-
electrolites, metallic nanoparticles, heteropolyacids and composite
organic/inorganic thin ﬁlms onto the Naﬁon® membrane, with
minimum prejudicial effects on proton conductivity [6,8,9]. The
layer-by-layer (LbL) technique introduced by Decher and co-
workers is a ﬂexible tool to built-up nanostructured thin ﬁlms
governed by intermolecular forces (electrostatic, van der Waals,
hydrogen bonding, etc.), allowing the control of supramolecular
structures at molecular level [10,11]. Some advantages offered by

















































eFig. 1. (A) PAH and (B) P
he LbL approach are control over thickness, porosity at nanoscale
n complex structures, use of cheap, non-toxic polyelectrolyte
aterials, simplicity, ﬂexibility to modify variables according to the
ser’s application, smaller negative effects on proton conduction
nd chemical stability on Naﬁon® membranes.
Papers reporting self-assembled multi-layered composite ﬁlms
eposited onto PEM start to appear in 2004. To illustrate,
elf-assembled clay-nanocomposite nanostructures reduced the
ethanol cross-over to less than a half when compared to pristine
aﬁon®, without affecting the proton conductivity [12]. Composite
bL ﬁlms were also used to produce alternative membrane elec-
rode assemblies (MEA) for fuel cells, however, thinner and lighter
han conventional MEAs [13,14]. Some papers were dedicated
o check the subtle balance between the reduction of methanol
rossover and proton conductivity, as some LbL ﬁlms have a
egative effect on the membrane conductivity [15]. Carbon nano-
ubes and nanoﬁber composites using the LbL technique were also
xplored for PEM fuel cells [16], and the effect of concentration
nd pH of the polyelectrolytes in proton conduction and methanol
ross-over in DMFCs was also investigated [17], as the properties of
he LbL assembled membranes can be customized by an adequate
hoice of the polyelectrolytes. LbL ﬁlms have also been applied to
mprove the mechanical properties of PEM up to ﬁve times when
ompared to pristine Naﬁon® as the repeated swelling/deswelling
ycle of the membrane during the cell operation leads to mechan-
cal degradation [18].
Vinhola et al. [19] applied chitosan/poly(vinyl sulfonic acid)
bL ﬁlms on to Naﬁon® membranes, verifying a decrease
n the methanol permeability, but at the same time an
ncrease in the proton resistance of the membrane. Jiang et al.
eposited poly(diallyldimethylammonium chloride) (PDDA),
oli(styrene sulfonate) (PSS) and poly(1-(4-(3-carboxy-4-
ydroxyphenylazo)benzenesulfonamido)-1,2-ethanediyl, sodium
alt) (PAZO) LbL nanostructures onto Naﬁon® 1135 membranes,
bserving a decrease in the methanol permeation due to a block of
ater-rich domains associated with SO3− sites. The power density
f the LbL modiﬁed membranes was 42% higher than that of neat
aﬁon® 1135, notwithstanding the observed decrease in proton
onduction with increasing number of deposited layers [15]. Lin
t al. deposited polypyrrole/phosphotungstic acid LbL ﬁlms onto
ulfonated poly(arylene ether ketone) bearing carboxyl groups
SPAEK-C) membranes, with the modiﬁed systems achieving a
egative effect on proton conduction with increasing number of
eposited bilayers [20]. Deligöz et al. veriﬁed the effect of poly
llylamine hydrochloride (PAH/PSS) LbL ﬁlms onto Naﬁon® 112
embranes. They observed that the salt used in the LbL growths entrapped within the ﬁlm, affecting the proton conduction
21]. PEDOT has been poorly explored in Naﬁon® modiﬁcations,
eing mostly used as a catalytic support [22–25], nevertheless, Li
t al. [26] modiﬁed Naﬁon® 117 membranes with PEDOT throughPSS chemical structures.
electrochemical polymerization, observing a 75% decrease in the
methanol permeability when compared with pristine Naﬁon® 117,
while the ionic conductivity was maintained ∼0.01 S cm−1.
Here, we present PAH/PEDOT:PSS LbL ﬁlms deposited onto
Naﬁon® 212 membranes verifying proton conduction and
methanol permeability, as the PSS groups present in the polymer
structure may  help the proton conduction. The system was  also
analyzed in a DMFC fuel cell set-up.
2. Material and methods
2.1. Materials
Naﬁon® 212 membranes (thickness 50.8 m)  from
Sigma–Aldrich were used after 24 h hydration, without fur-
ther pre-treatment. PAH (Mw  ∼15,000) and PEDOT:PSS (2.8%
in water, ID 560596) (Fig. 1) were supplied from Sigma–Aldrich
and used as received. Ultrapure water was obtained from a Mil-
lipore Direct Q5 System (18.2 M cm at 25 ◦C) and used in all
experiments.
2.2. LbL ﬁlms fabrication
PAH solution (1 mg  mL−1 in 0.5 M NaCl solution, pH 3.5)
was applied as positive electrolyte to LbL ﬁlm assembly, while
PEDOT:PSS solution (0.1 mg  mL−1, pH 3.5) was  applied as negative
electrolyte. The substrate immersion time in each polyelectrolyte
was obtained by kinect study (results not show) being equal to 3
and 10 min, respectively, to PAH and PEDOT:PSS solutions. After the
adsorption of each layer the substrate was carefully rinsed in Milli-
Q water at pH 3.5 to remove the excess of material poorly adsorbed.
An automatic dipper system from a Langmuir Trough (Nima Tech-
nology, model 612D) was  used for LbL ﬁlm fabrication, with upward
and downward rates of 60 and 10 mm min−1, respectively. The LbL
ﬁlm growth was  characterized using a UV–vis spectrophotometer
(Thermo SCIENTIFIC, Genesys 10 Uv), following the absorption band
at a speciﬁc wavelength.
2.3. Methanol permeation analysis
Methanol crossover was performed in a home-made glass appa-
ratus, illustrated in Fig. 2, throughout electrochemical experiments
carried out in an Autolab PGSTAT30 potentiostat/galvanostat, using
a scan rate of 50 mV s−1. All measurements were performed with
platinum as working (WE) and counter-electrode (CE), and a
reversible hydrogen electrode as reference (RHE). Compartment B
was ﬁlled with 0.5 mol  L−1sulphuric acid solution (40 mL), while
compartment A was  ﬁlled with 2.0 mol  L−1 methanol solution
(40 mL) in 0.5 M of sulphuric acid. The diffusion area in the Naﬁon®
212 membrane was  2.3 cm2, with compartment B kept under




































erature values [19,31]. It is worth mentioning that variations in
the permeability values are common, as it varies accordingly to
the experimental set up and environmental conditions used [17].Fig. 2. Diffusion cell used in the methanol permeation measurements.
agnetic stirring during all experiments. Methanol concentration
as checked by cyclic voltammetry and its permeability was cal-
ulated using Eq. (1) [7,27].
 = CB(t)VBL/ACA(t − t0) (1)
CA and CB are the methanol concentration at the source
2.0 mol  L−1) and permeation compartments, respectively. VB is the
olume in the permeation compartment, to is the time lag, L and A
re, correspondingly, the thickness and area of the membrane used.
.4. Water uptake and ion exchange capacity
Water uptake of pristine and LbL covered membranes was
erformed measuring the change in weight before and after the
ydration during a day. The dry mass was obtained after 24 h in
acuum at 50 ◦C. After soaking the membrane, before each mea-
urement the surface water was removed to determine the wetted
embrane weight (Wwet). The water up-take (WU) was calcu-
ated using WU  (%) = [(Wwet + Wdry)/Wdry] × 100. The ion exchange
apacity (IEC) was performed by titration, with IEC values taken
o check the exchange H+ with Na+ after dipping the membrane in
aturated NaCl solution for 48 h [8].
.5. MEA  construction and fuel cell performance
Pt/C (30% wt., E-TEK) and PtRu/C (40% wt., E-TEK) were applied
s catalysts at the cathode and anode, respectively, with a load
f 1.0 mg  cm−2 of platinum. For the diffusion layer, carbon cloth
Panex30, Zoltek), carbon Vulcan XC-72R (Cabot) and polytetraﬂu-
rethylene (Teﬂon, TE 3893, DuPont) were used. Temperature was
ot used in the MEA  fabrication as an attempt to minimize possible
hanges in the LbL modiﬁed Naﬁon® 212 membrane. DMFC perfor-
ance was evaluated in open circuit voltage in single cell set-up,
ith a PGSTAT 302N, Autolab EcoChemie. The DMFC performance
nd the membrane resistance analysis was performed using ﬂow
aths in serpentine design to feed the cell with methanol solution
2.0 mol  L−1) at 0.5 mL  min−1 ﬂow and oxygen ﬂow of 30 mL  min−1,
t 70 ◦C.
. Results and discussion
.1. LbL ﬁlm constructionFig. 3 shows UV–vis absorption spectra of a 5-bilayer
AH/PEDOT:PSS ﬁlm deposited on a Naﬁon® 212 membrane. In
his study, background spectrum was collected on air with pristine
aﬁon® bands appearing at 192 and 230 nm,  from carbon–carbonFig. 3. UV–vis absorption spectra of self-assembled PAH/PEDOT:PSS onto Naﬁon
212  membranes. The inset graph shows a linear dependence of absorbance (223 nm)
at  each deposition step.
double bonds and diene structures, respectively, both produced
during the polymerization reactions [28]. The inset in Fig. 3 shows a
linear dependence of the maximum absorbance at 223 nm (phenyl
groups in PSS) [29] at each deposited layer, which is a good indica-
tive that the same amount of material was adsorbed at each
deposition step. The linear behaviour also conﬁrms a regular mul-
tilayer ﬁlm organization instead of a disorganized assembly [30].
As-deposited LbL ﬁlms were kept at moderate stirring in ultrapure
water in order to check ﬁlm desorption, however, there was  no loss
of material to the aqueous system.
3.2. Methanol permeability
Fig. 4 shows cyclic voltammograms obtained for different
methanol concentrations in 0.5 mol  L−1·H2SO4 solution, using Pt
as the working electrode. The PAH/PEDOT:PSS LbL ﬁlms also pre-
sented good resistance to oxidative medium, not compromising the
cyclic voltammograms due to interference effects. The logarithm
value of anodic peak current at 0.9 V is associated with the methanol
oxidation, and was plotted as a function of methanol concentration
and used in a calibration curve (inset of Fig. 4).
Fig. 5 shows cyclic voltammograms used to follow the methanol
permeation time in pristine Naﬁon® 212 membranes. The observed
increase in the methanol oxidation peak current with time clearly
indicates the methanol crossover throughout the membrane. Using
the inset of Fig. 4 (calibration curve) a concentration vs. permeation
time plot was  obtained to pristine Naﬁon® (inset of Fig. 5), allowing
the determination of the methanol permeability. The same proce-
dure was  repeated to the LbL modiﬁed membranes, with results
displayed in Table 1. Pristine Naﬁon® 212 membrane presented
a methanol permeability of 5.5 × 10−6 cm2 s−1, close by the lit-Fig. 4. Cyclic voltammograms at different methanol concentrations. Inset is the
calibration curve. Scan rate: 50 mV s−1.










































fig. 5. Cyclic voltammograms after several hours of methanol permeation. Scan
ate: 50 mV s−1.
owever, it was observed a 20% reduction after depositing the ﬁrst
AH/PEDOT:PSS bilayer, and a 41.8% reduction after the deposition
f 5-bilayers. The observed decrease in the methanol permeation
n our case might be a result of intermolecular interactions formed
y the polyelectrolytes at the Naﬁon® surface.
Deligöz et al. [17] veriﬁed that the effect of pH and concen-
ration of polyelectrolytes in both proton conduction and barrier
apacity of Naﬁon® membranes, observing a decrease of 27% in the
ethanol permeation for a 10-bilayer PAH/PSS LbL ﬁlm. Yilmaztürk
t al. reported the inﬂuence of salt content in the polyelectrolytes
uring the LbL assembly of PAH/poly(vinyl)sulfonate (PVS) ﬁlms
nto Naﬁon® 117. There was a decrease of 55.1% in the methanol
ermeation using (PAH/PVS-Na+), and a 43% reduction using the
rotonated form (PAH/PVS-H+). The (PAH/PVS-Na+) LbL architec-
ure presents an increase in thickness due to the presence of
a+ entrapped in the ﬁlm, which might close some pores in the
embrane more efﬁciently, thus reducing the transport of water
nd methanol [8]. In other work it was observed a 40% reduc-
ion in the methanol permeation using a (PAH/PSS)20-H+ ﬁlm with
.01 mol  L−1 NaCl, presenting a nearly two times higher proton
onduction [21]. Therefore, the higher salt content suppresses the
obility of charge carriers, limiting the proton conduction. Vinhola
t al. [19] also reported a 44.5% reduction in methanol perme-
tion after the deposition of a 30-bilayer chitosan/PVS LbL ﬁlm. The
ecrease in the methanol permeation was assigned to the chemical
nteraction between chitosan chains and methanol molecules [19].
.3. Water up-take, ion exchange capacity (IEC) and proton
onduction analysis
Water uptake analysis revealed that the PAH/PEDOT:PSS LbL
overed membranes present a ∼20% higher water absorption when
ompared with pristine Naﬁon® 212 (results not presented here).
he short increase can be attributed to water entrapment inside
he LbL structure due to the PSS groups (hydrophilic). In contrast,
he ion exchange capacity (IEC) values of the LbL modiﬁed Naﬁon®
12 had a reduction of 84–96% when confronted with the bare
embrane. Despite the higher water up-take values, the covered
embranes did not allow exchange/mobility of ions owing to the
ntermolecular interactions made at the LbL ﬁlm/Naﬁon® interface.
or instance, some SO3− groups may  be used in the LbL assembly.
able 1
ethanol permeability and membrane resistance of Naﬁon® 212 treated with dif-









1  4.4 0.6
5  3.2 0.8Fig. 6. DMFC performance test to pristine Naﬁon® (square), and covered with 1
(circle) and 5 (triangle) bilayers of PAH/PEDOT:PSS.
The membrane ohmic resistance values in Table 1 were acquired
using a Randles circuit model from Fig. 6, obtained directly from the
DMFC set-up [32]. Literature indicates that the proton conduction
increases in thinner membranes, exhibiting also higher methanol
permeability [33]. Moreover, it is expected that the LbL ﬁlms do not
contribute signiﬁcantly to the membranes thickness, which in prin-
ciple would not affect the ionic conduction throughout Naﬁon®.
Pristine Naﬁon® 212 membranes shown a resistance close to the
literature values (∼0.1 )  [34], however, Fig. 6 shown that even a
single PAH/PEDOT:PSS bilayer changes the resistance from 0.2 
to 0.6 ,  increasing it a bit more with a 5-layer PAH/PEDOT:PSS
ﬁlm. Indeed, the ion exchange results indicated a decrease in ion
mobility and, therefore, low proton conduction. The membrane
conductivity () was calculated from Eq. (2) [35].
 = L/R · A (2)
R is the measured resistance mentioned above, A and L are the
area and thickness of the membrane, respectively. Pristine Naﬁon
212 show a conductivity near the literature value (24 mS cm−1)
[34], with the covered membranes presenting 8.3 mS cm−1 and
6.7 mS.  cm−1, respectively, for 1 and 5-bilayer PAH/PEDOT:PSS LbL
ﬁlms.
The observed decrease in the membrane conductivity might be
attributed to the fact that the LbL ﬁlms are precluding methanol,
water and ionic transport, as discussed in section 3.3. The low pro-
ton conduction is related with the small ionic mobility created by
the PAH/PEDOT:PSS LbL structure. Yilmaztürk et al. [8] reported a
similar effect due to the presence of Na+ in the LbL ﬁlm structure,
causing lower hydrophilic domains and consequently inferior ionic
mobility.
3.4. Fuel cell set-up
The reduction in the methanol crossover with the LbL ﬁlm
deposition could be conﬁrmed by the higher OCV observed in
Fig. 7, ∼0.4 V to pristine Naﬁon®, and ∼0.5–0.6 V in the LbL cov-
ered membranes. However, the power density decreased slightly
from 13 mW cm−2 (pristine Naﬁon® 212) to 11–12 mW cm−2 (LbL
modiﬁed Naﬁon® membranes), a reduction of 15.4% in the DMFC
performance, indicating that the PAH/PEDOT:PSS LbL structures are
reducing the proton mobility.
A balance must be achieved between the reduction in the
methanol permeation and the decrease in the proton conduction
for self-assembled multilayer ﬁlms [15,36]. Jiang et al. investigated
PDDA/PAZO LbL ﬁlms deposited onto Naﬁon® membranes (N1135).
Up to 5-bilayers the proton conduction decreases, and the methanol
crossover reduction contributed signiﬁcantly to increase the
power density. With 8-bilayers, the proton conductivity decreases























































[ig. 7. DMFC performance test in open circuit voltage to pristine Naﬁon® (square),
nd covered with 1 (circle) and 5 (triangle) bilayers of PAH/PEDOT:PSS.
ubstantially, reducing the cell power density [15]. In our case, a
ingle bilayer of PAH/PEDOT:PSS was able to obstruct the ionic con-
uction in the Naﬁon® 212 membrane, consequently dropping the
ower density. It is worth mentioning that the way our MEA  was
repared certainly inﬂuence the observed results, therefore, that
as made to avoid hot pressing of the LbL multilayers.
With only 5-bilayer PAH/PEDOT:PSS LbL ﬁlms we  could obtain
esults similar to those reported in the literature regarding to
ethanol permeation in Naﬁon® membranes [17,19,21,37]. It was
lso observed a decrease in IEC, impairing the proton conduction.
eligöz et al. report that higher the NaCl content in the LbL ﬁlm
abrication, higher the membrane resistance to proton conduction
8,21]. For instance, the presence of Na+ in the LbL structures sup-
ress the proton mobility [17], however, after an ionic exchange
Na+ by H+) the proton conduction becomes twice higher [21] when
ompared with other cations [37]. There might be a threshold limit
n the salt concentration used in the LbL ﬁlm formation favour-
ng the proton conduction. In fact, Deligöz et al. [21] reported a
onstructive effect of Na+ using 0.01 mol  L−1NaCl in the PAH solu-
ion. Yılmaztürk et al. [8] reported results similar to ours, both
sing a NaCl concentration exceeding 1 mol  L−1. Thus, controllable
arameters involved in the LbL assembly, such as thickness and salt
ontent, can be tuned to methanol cross-over and proton conduc-
ion in Naﬁon® membranes.
Proton conduction starts with a dynamic ion bust at the sur-
ace of the membrane, which was destabilized by the multilayer
ormation presented here. PSS might facilitate the proton trans-
er, however, some SO3− groups present at the Naﬁon surface can
e used to anchor the ﬁrst adsorbed PAH layers in the LbL assem-
ly. Consequently, the bound regions formed by the ﬁrst bilayers
ay  contribute negatively to the proton conduction, increasing
he resistance of the membrane with the multilayer formation on
aﬁon®. Regarding to the results presented here, the performance
f the PAH:PEDOT:PSS LbL ﬁlms in DMFC might be improved in
uture works by the deposition of LbL ﬁlms on one side of the
aﬁon® 212 only (spray method) and use of less concentrated
alt solutions, allowing a better movement of protons inside the
embrane.
. Conclusions
The LbL technique was efﬁcient to assembly PAH/PEDOT:PSS
anostructured thin ﬁlms onto Naﬁon® 212 membranes, with the
bL ﬁlm displaying good adsorption on the Naﬁon® 212 at each
eposition step (linear behaviour observed in the inset of Fig. 3).
he LbL ﬁlms also acted as a barrier to methanol permeation as a
educed cross-over was  observed; however, it also decreases the
roton conduction throughout the Naﬁon® membrane, evidenced
[e Science 323 (2014) 7–12 11
by the measured current density. The LbL modiﬁed membranes
could not achieve potentials higher than those pristine Naﬁon®
212, clearly indicating that the proton conduction was  inferior to
the observed electron transfer from the electrodes, since the LbL
ﬁlm is hindering water and ion transport, consequently affecting
the proton conduction in the DMFC experimental set-up.
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